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Sophia Wireless, Inc. 

14225 Sullyfield Circle, Ste. C 

Chaatilly, VA 20151 



A Method of Making Compact, High Performance Microwave Filters 

Using Micromachining 

Prior art of microraachined filters includes suspended metal resonators of various 
kinds. For example, a resonator patterned on a thin dielectric film, such as silicon nitride, 
which is then suspended in air, is a prior art embodiment of micromachined filters. These 
prior art patterns show insertion loss that is poorer than that of the filters described here. 
The reason being that in these prior art filters the resonators are thin metal lines, on the 
order of electroplated metal, which is typically a few microns. This necessarily 
concentrates the current, even in the absence of surrounding dielectric, which increases 
the ohmic losses of the filter. This reduces the Q of a given resonator, and the insertion 
loss for the filter as a whole. In addition, the thin suspended resonators are susceptible to 
microphonics, in which mechanical vibration of the filter changes the passband 
characteristics, modulating the filtered signal. 

The filters described in this patent have the advantages of lower insertion loss, 
immunity to microphonics, and reduced manufacturing complexity. Forming a precise 
three-dimensional cavity, which is entirely coated in metal, with the exception of the 
input and output coupling structure, produces the filters. In some instances of this 
invention, the cavities are formed by taking several silicon wafers and etching them using 
either anisotropic silicon etch (such as Potassium Hydroxide in water), or reactive ion 
etching. The wafers then have a seed layer of metal deposited by any number of methods 
familiar to one skilled in the art. A good conductor, such as gold, is electroplated on top 
of the seed layer to give a suitable thickness such that the resistivity of the gold is greatly 
reduced. The conductor should be thick enough so that the energy lost due to ohmic 
losses in the gold is much less than the energy loss due to energy leaking through the 
gold and being dissipated in the support silicon. Because of the high Q of the cavities, 
this number can be significant 

We now describe an embodiment of this invention in the form of a bandpass 
filter. Bandpass RF filters are constructed out of a series, of coupled resonators. By 
tuning the coupling between the resonators and the frequencies of the resonators, the 
desired filter characteristics can be achieved. What is needed in the fabrication process is 
the flexibility to make resonators of the desired frequencies, and to be able to make 
different couplings between the resonators. A method is also needed for coupling the 
signal into and out of the series of coupled resonators. 

In one embodiment of the invention, the resonators are cavities formed from 
rectangular pits etched in the silicon. This embodiment starts as three separate <100> 
oriented silicon wafers. All of the wafers are coated with an etch mask, such as silicon 
nitride or silicon oxide. These masking layers are patterned using standard 
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photolithographic techniques. The wafers are then etched in an anisotropic silicon etch; 
which etches the <111> planes of silicon much more slowly then the other planes. As a 
result, the precision of the two-dimensional masking layer is transferred to the final three- 
dimensional pit, as someone skilled in the art can easily see. 

The top wafer in the stack is etched until the cavity height reaches a specified 
depth. Alternatively, an etch stop layer, such as a buried silicon oxide layer, can be used, 
which makes the etch self-terminating. The masking layer is then stripped. A barrier 
layer may be grown at this point, such as silicon oxide or silicon nitride. Next, a thin 
layer of metal is deposited using a standard metal deposition technique, such as 
sputtering. Finally, metal is electroplated to a thickness sufficient to reduce the ohmic 
losses as much as possible. 

The middle wafer is patterned on both sides, and etched. The etch does not have 
to be precisely timed, as all the patterns are self-terminating. The bottom wafer does not 
need to be etched at all, but is covered in metal. The three wafers are bonded together. . 
The bonding can be accomplished any of several methods, as longs as the bond gives 
good electrical conductivity between the metal on the various wafers. Some examples of 
suitable bonding methods are direct gold-to-gold thermo compression bonding, or 
bonding with an intermediate bonding layer, such as Gold-Tin eutectic. Inside the 
bonded wafers is a series of connected cavities. Shown below is a cross section of the 
cavities. 




The large cavities form the resonators, and the small cavities connecting the 
resonators form a weak coupling between the resonators. The frequency of each 
resonator can be adjusted by changing the lateral dimensions of the resonator. The 
coupling strength can be adjusted by adjusting the lateral dimensions of the coupling 
cavity. Hence, this process has all of the degrees of freedom required to design a filter. 
The method of determining the necessary sizes of the different cavities is discussed 
elsewhere in this document. 

Next, a method of coupling a signal into one end of the filter and out of the other 
is needed. One embodiment of this will now be discussed. This embodiment of the 
coupling structure couples a microstrip line formed on wafer one into one of the cavities. 
The microstrip can be formed by a variety of methods, such as electroplating gold 
through a patterned photoresist mask, which is a well-known art. This microstrip line 
ends on a large piece of patterned metal on wafer 1. Because this is a microstrip line, the 
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fields are carried inside wafer 1 between the patterned line on top and the metal on the 
bottom, which acts as a ground plane. The signal will continue to travel some distance 
into the wafer. It passes underneath the point where wafer 2 is bonded to wafer 1. Inside 
the cavity, there is an opening in the gold on wafer 1 formed at the same time the 
microstrip line was patterned. There are via holes around this opening, except on the side 
where the signal comes in. These via holes direct the incoming signal to the opening in 
the metal, which couples into the first resonant cavity. Because the signal travels through 
the silicon of wafer 1, this wafer must be made out of very pure silicon to reduce the 
losses caused by dopants. Such silicon, referred to as high resistivity silicon, is readily 
available commercially. 

Because the signal has to pass from a dielectric loaded transmission line into a 
free space resonator, there is a significant impedance mismatch, which weakens the 
coupling. However, because of the resonant nature of the bandpass filter, weak coupling 
at the input and output ports is perfectly acceptable. The weak coupling is "tuned out" by 
the resonators, allowing a nearly perfect match at the input and output in the passband of 
the filter. 

One possible procedure for making this coupling structure on the bottom wafer is 
now described. First, a masking layer for the anisotropic etch is deposited or grown on 
both sides of the wafer. This layer could be silicon dioxide or silicon nitride, for 
example. This masking layer is patterned and etched, leaving bare silicon where the via 
holes are to go. Next, a thin layer of seed layer metal is deposited on the front of the 
wafer. A photoresist layer is applied and patterned, and metal is electroplated through the 
mask. The photoresist is stripped off, and the seed layer metal is etched away using some 
standard process. The wafer, at this point, has the metal pattern on the front. The wafer 
is then etched in an anistropic silicon etch, such as Potassium Hydroxide in water. This 
forms rectangular pits in the back of the wafer. The size of the openings is made such 
that the pits go entirely through the wafer. The pits are positioned so there is a gold 
membrane across the top of the pit. The masking layer is etched away, and metal is 
deposited on the backside. This metal makes electrical contact with the front side metal 
through the etched pits. The back of the wafer now has a complete ground plane, with 
via holes going through to the front side. 

The two figures below are drawings of the input/output coupling structures. The 
first is a drawing of the metal on a wire frame drawing of the silicon wafer. Not shown is 
the metal coating the bottom of the silicon wafer. The second drawing is a solid drawing 
of the same structure seen from the bottom of wafer one, illustrating the position of the 
via holes. 
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This embodiment of a cavity resonator band pass filter has several advantages 
over the current state of the art. Because of the high accuracy of micromachining, tuning 
of the filter is not required. Traditional waveguide filters with similar insertion loss 
characteristics are substantially larger and heavier, and are more difficult to connect to a 
microstrip line. They also requiring tuning, which is expensive. Other MEMS filters, 
based on suspended metal lines, can be as small or smaller than this embodiment, but 
have higher insertion loss due to the more concentrated currents. Suspended metal line 
MEMS filters are also susceptible to microphonics. 

An alternate embodiment of this invention uses suspended silicon beams coated in 
metal as the resonant elements. The process for making these is very similar to the 
method described above for the cavity resonator filters. In the embodiment described 
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now, four separate wafers are used. The fabrication steps for the wafers are similar to 
those described above. A cross section of one such filter is shown in the figure below. 




The three-dimensional drawing shown below shows the resonator structures. These are 
normally not visible, as they are completely encased in the cavity. 
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This method of using beams has the advantage of reducing the size of the 
resonators substantially, at the expense of a lower resonator Q, and hence increased 
insertion loss. The resonator Q should still be superior to the suspended resonator type 
filter described above. 

In addition to the benefit of reduced device size, the beam structure relieves some 
of the requirements for dimensional accuracy. Whereas the resonant cavity type filter 
required all of the etched cavity dimensions to be very precise, with this type of filter 
only the wafer in which the beams are formed has very high requirements for accuracy. 
This accuracy is not difficult to achieve, as all of the features formed are self-terminating 
in an anisotropic silicon etch, removing the need for precise etch depth control. 
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